Industry 4.0 (I4.0) includes an important regeneration of production and management systems within manufacturing, where the majority of the procedures will be entirely or partially automated. However, there are insufficient research studies related to I4.0 development assessment based on the various requirement factors to enable countries to measure their own conditions and to make future national strategies and roadmaps for their activities in this field. Thus, this paper develops a comprehensive framework to assess the countries' readiness level in I4.0 development. The research is conducted in several steps. First, the main required clusters and their criteria of I4.0 development assessment such as technological, social, economic, political and environmental clusters are determined. Second, the importance of the clusters and their criteria are specified using the Fuzzy DEMATLE and Fuzzy ANP techniques. Third, the countries are ranked using the VIKOR technique. In this study, the conditions of I4.0 development for South Korea, the United States, China, Iran, Japan, and Germany are assessed based on the proposed framework. The ranking results show the United States, Germany, and Japan got ranked first to third, based on the obtained VIKOR index, 0.000, 0.528, and 0.559, respectively. The framework is verified using sensitivity analysis and validated based on the countries' existing plans. The evaluation results are rescannable. The result shows that the United States, Germany, Japan, and South Korea got high scores especially in the technological cluster and also some challenges in the criteria related to the social and cultural clusters. On the other hand, China and Iran got the highest score in the labor force criterion of the social cluster (0.023) and the intercultural understanding criterion of the cultural cluster (0.006), respectively, however, they need to strengthen the technological cluster ''to be hopeful of having'' an active role in future global marketing.
I. INTRODUCTION
Recent evolutions in information communication technologies and industrial technologies have created major changes in how manufacturing gets maximum output with minimum resource consumption [1] so that the fourth generation of the industrial revolution is emerging called Industry 4.0 (I4.0). I4.0 which was first announced by the German government in a publication in 2011 at the Hannover Fair [2] , [3] is the recent movement toward automation, digitalization, decentralized production and data exchange in manufacturing to produce personalized and digital products and services [4] .
The associate editor coordinating the review of this manuscript and approving it for publication was Ching-Ter Chang . Although there is a growing interest in I4.0 development among researchers [1] , [5] , there isn't a comprehensive assessment framework that not only enables countries to assess their readiness conditions based on various factors but also enables them to make national strategies and roadmaps for the future in their I4.0 development. Generally, assessing a country's level of I4.0 readiness and making a strategy are two important requirements of the countries in I4.0 development. The countries need a comprehensive assessment framework that consists of various factors of the I4.0 development and their importance in the development. In addition to the assessment, the countries need to identify their strengths and weaknesses and recognize which factors to pay more attention to make national roadmaps towards I4.0 development. VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
There are few research studies in the field of assessing a country's readiness level toward I4.0 development. As I4.0 is developed in multi-fields, researchers have considered different requirements for I4.0 development [6] . The main requirements which have been considered in different research include technological, social, economic, political and environmental point of views [1] , [3] , [7] - [11] . The researchers considered only some of these aspects to assess the I4.0 development and have not addressed the whole of the characteristics all together, comprehensively. In addition, the researchers have also utilized different methods including multivariate analysis [12] , SWOT analysis [7] , quantitative based web survey analysis [13] , qualitatively assessment analysis [8] and multi-criteria analysis [14] to assess I4.0 development. As these studies show that due to the existing of multi-field problems the various decision making methods have been applied in this research. However, these methods are weak in eliminating ambiguities due to using linguistic scales by decision makers for comparison [15] , which are not considered in previous studies.
To fill the above mentioned drawbacks, this paper aims to propose a comprehensive framework to assess countries' level of readiness in I4.0 development through determining the main requirements of I4.0 using the multi-criteria decision making based evaluation method. The framework enables countries to make future national strategies and roadmaps by considering main requirements and their different related factors as well as their importance in the I4.0 development. To do so, first, the main requirements of I4.0 including some clusters and their criteria for the I4.0 development are determined. Second, the interactions of each cluster and their related criteria are specified using the Fuzzy Decision-Making Trial and Evaluation Laboratory (DEMATEL) technique and their weights are calculated using the Fuzzy Analytical Network Process (ANP) technique. Third, according to the obtained weights, six countries (South Korea, United States, China, Iran, Japan, and Germany) are ranked which shows the readiness of the countries toward I4.0 development using VITse Kriterijumska Optimizacija I Kompromisno Resenje (VIKOR) technique. Finally, the proposed framework is evaluated. This paper is structured as follows. Section 2 reviews the most relevant studies on the assessment of the I4.0 development. Section 3 covers the development of an assessment framework using the integrated Fuzzy DEMATELE ANP VIKOR (F-DAV) method. Section 4 shows the results of the method implementation and compares the I4.0 development of six mentioned countries. Section 5 presents an evaluation method using the verification and the validation methods to assess the proposed framework. Finally, section 6 describes the conclusion, discussion, and future works by summarizing the contribution and addressing challenges.
II. LITERATURE REVIEW
Industry 4.0 as the future of manufacturing was defined in different ways in previous studies, due to its complexity [16] , [17] . According to [13] , [18] , [19] , I4.0 can be considered as the integration of technologies to create smart assets in physical and digital environment through automated processes which supports value chain organizations and innovations. The main characteristics of I4.0 are interoperability, automation, virtualization, real-time availability, service orientation flexibility, and energy efficiency [20] . To realize I4.0, different ubiquitous technologies are utilized including cyber-physical system (CPS), cloud computing, big data, and the Internet of Things (IoT) [1] , [19] , [21] - [23] which make computing cheaper and affordable at anywhere and anytime [24] . Based on these technologies, the virtual space and physical world are integrated so that embedded systems are evolved to cyber-physical systems and smart factories which could minimize the complexity of the production are emerged [22] , [25] . The CPS makes autonomous and decentralized production networks and the adaptable factories [26] , [27] . IoT refers to machine-to-human and machine-to-machine communications in CPSs in which entities communicate with each other in real time during life cycle of the systems via internet services throughout the production network [28] .
Tortorella and Fettermann [12] assessed the development of I4.0 in Brazilian manufacturing companies. They utilized a multivariate analysis to analyze the lean production (LP) practices of 110 companies which were collected by means of a questionnaire form. They found the implementation of the LP and I4.0 technologies has led to larger performance improvements in Brazilian companies. Pîrvu and Zamfirescu [7] evaluated the Romania manufacturing companies from key technological and social requirements for I4.0 development using SWOT analysis. They presented that although Romania has not a national I4.0 strategy, it has adapted I4.0 as an enabler for connected intelligence. This research showed that education plays a critical role in preparation for the I4.0 development promoting the existing workforce skills and advancing the abilities to solve realworld problems from industry. Kim et al. [11] examined the readiness of developing countries like the Philippines to enter fourth industry revolution from political, economic, social and technological aspects including job creation, GDP, the use of advanced technologies such as AI and robotics for automation, and providing skilled labor. They concluded that all countries participate in the I4.0 development but developing countries, the Philippines, participate in a different manner. Sung [3] addressed that political factor successfully has changed Korean industry toward I4.0. These policy implications include building economic and social systems to flexibly answer innovative changes, establishing an operational system and infrastructure for leading all initiatives and policies.
Gölzer et al. [26] identified that data mining and entity access are two generally used cases of data processing requirements of I4.0. Schmidt et al. [13] introduced the strong influencing factors to the potential use of I4.0: the use of the advanced technologies, knowledge management, mass customization, optimum data usage, business intelligence, and production time optimization. They quantitatively evaluated these factors based on a web survey in Germany, Switzerland and Austria countries. Bogoviz et al. [10] assessed the four developing countries; the SAR, Brazil, China, and India; in the I4.0 development based on the digitization, legal documents and financing sources of scientific research. They also compared the I4.0 development between developed and developing countries. Li [29] compared Germany's and China's plans of creating smart factories, I4.0 for Germany and Made-in-China 2025 for China. The researcher stated that this plan has the same goals to create smart manufacturing systems such as using IoT and digitalizing production. Kuo et al. [30] introduced a theoretical technique to evaluate the innovation policy of I4.0 among China, Germany and United States by describing a quantity of innovation policies currently being followed in the I4.0 initiatives. Yang et al. [31] addressed one of the Korean programs in I4.0, Korean government's Flagship Project Support Program (FPSP). This program which are established by big technological players is business ecosystem program.
Stock et al. [8] conducted a qualitatively assessment of social and ecological dimensions of sustainability in I4.0 based on the literature reviews and interviews in macro and micro levels. They founded that I4.0 has different benefits in the social and ecological dimension of a sustainability development including the better sharing of reused, recycled materials and remanufactured, more resourceefficient control and monitoring, more effective worker educations, and better work-life balance. Kamble et al. [1] proposed a sustainable I4.0 framework which contains I4.0 technologies, sustainable outcomes and process integration by reviewing previous studies in I4.0. The sustainable criteria conducted for this framework included ''environmental protection'' (well-organized resource allocation including water, materials, and energy), ''process automation and safety'' (minimizing human work hours), and ''economic sustainability'' (reducing costs of manufacturing). Kazancoglu and Ozkan-Ozen [14] introduced the main criteria for personnel selection in I4.0 environment using the Fuzzy DEMATEL technique. Using this technique, the main criteria was obtained the ability of solve complex problems, thinking in overlying process, adapting new roles and work environments, being aware of IT security and having different skills in various areas.
From modern management, Duarte et al. [32] proposed a conceptual model of lean and green management model to getting closer to I4.0 through a BMC, in which managers can create, design or redefine their business perceptive of the lean and green application and I4.0 execution. Skrzeszewska et al. [33] assessed the effectiveness of Manufacturing Execution Systems (MES) for production management in I4.0. They analyzed the readiness level of two companies in three levels of management: operational, tactical and strategic.
In conclusion, several research studies have been conducted to assess I4.0 development in which different factors and methods have been utilized for assessment. Although the literature covers different requirement factors of I4.0 development assessment, this research will address the requirement factors all together as well as the cultural point of view in the proposed assessment framework. The main factors which have been considered throughout the reviewed research studies are technological, economic, social, political, and environmental. The whole of these factors haven't been considered together in previous studies. In addition, the literature hasn't considered the importance of the requirement factors in their method of the I4.0 development assessment. As the factors don't have same importance in the I4.0 development assessment, this research will focus on the multi-criteria decision making based assessment method. This method could not only use different importance for the factors by assigning weights to them but also could consider interrelations between factors.
III. METHODOLOGY
This study proposed an assessment framework for countries' conditions assessment towards I4.0 development. In the framework, first, the main clusters and their related criteria for I4.0 development are determined by reviewing the previous studies and interviewing experts. Then, the assessment framework is developed using the Fuzzy DEMATEL ANP VIKOR (F-DAV) method. The Fuzzy DEMATEL technique is utilized to calculate the interrelations (direct or indirect) between the main clusters of I4.0 development with respect to its complexity based on the experts' opinions. The Fuzzy ANP technique is able to present the importance of the clusters and criteria by assigning weights to them using the different levels of obtained interrelations between clusters and pairwise comparisons. As decision makers usually use linguistic variables rather than fixed value numbers for judgments, the Fuzzy set theory [34] is used for pairwise comparisons of DEMATEL and ANP techniques. Therefore, the pairwise comparisons are conducted by experts with Fuzzy linguistic scales in the both techniques. The VIKOR technique ranks the countries based on their real I4.0 development conditions in each criterion. The Fuzzy set theory isn't applied for VIKOR technique because the real countries conditions for I4.0 development are mostly used. Fig. 1 shows the main steps of the F-DAV method which are described in detail as follows.
Step 1: Determining the assessment clusters and criteria. The main clusters and the set of criteria related to each cluster are defined for the evaluation of I4.0 development after performing a comprehensive literature review as well as interviewing with the number of experts. To do this, first the factors and requirements of I4.0 development are gathered from previous research and experts' opinion. The gathered factors and requirements are considered as criteria. Then, the similar criteria are clustered in to different clusters based on the author' knowledge.
Step 2: Establishing the assessment team composed of experts for performing the pairwise comparison of clusters and criteria based on their effects and relative importance on each other.
Step 3: Constructing the causal relation model between the clusters and criteria in each cluster using Fuzzy DEMATEL [33] .
Step 3.1: Designing a Fuzzy linguistic scale for solving the uncertainty for expressing experts' preferences. Relationships among the main clusters and criteria are extracted using experts' preferences through a pairwise comparison process. To collect the experts' preferences, the linguistic expressions are used which correspond to positive triangular Fuzzy numbers ( Table 1 ). The Fuzzy numbers are the same numbers used in the basic DEMATLE technique.
Step 3.2: Obtaining the initial Fuzzy direct-relation matrix by collecting experts' opinions. To measure the relationships between the clusters and their criteria, it is required to form a square matrixÃ n×n using the pairwise comparison of elements conducted by experts. Each element of this matrix is a triangular Fuzzy numberz ij = (l ij , m ij , u ij ) which represents the effect of the element i on the element j. The experts express their preferences using the linguistic expressions and then the study transforms them into triangular Fuzzy numbers illustrated Table 1 .
Step 3.3: Calculating the normalized Fuzzy direct-relation matrixX n×n . For this purpose, a linear scale conversion is used as a normalization equation to convert the clusters values to comparable values. Each element (x ij ) of normalized matrix is calculated as follows:
wherez ij , l ij , m ij , and u ij are a Fuzzy number, lower value, medium value and upper value, respectively.
Step 3.4: Calculating a Fuzzy total-relation matrixT n×n . The total-relation matrix is computed by inversing the normalized matrix, then subtracting it from identity matrix I and finally multiplying the result to normalized matrix in Eq. 4 whose elements t ij = (l ij , m ij , u ij ) are calculated as follows:T
Where X l , X m and X u are extracted fromX :
Step 3.5: Obtaining the inner relation matrix. To determine the relations between the clusters and criteria within the same cluster, it is required to defuzzify the elements of the matrix T to obtain the corresponding crisp numbers. To obtain crisp numbers, the graded mean integration approach is used in Eq. 9 in this research [36] . After the crisp numbers of all elements of the matrix are obtained, a threshold value is calculated to extract the interrelations between the clusters through averaging of all elements of the matrix. The element number which is greater than the threshold is transformed to one and the number which is smaller than the threshold is transformed to zero. The one and zero values indicate a relationship and without relation, respectively.
Where p ij is the corresponding crisp number of the Fuzzy number (l ij , m ij , u ij ).
Step 4: Calculating the main clusters and criteria weights using Fuzzy ANP. In this regard, the Chang's extent analysis [35] is used to calculate the weights. Based on the Chang's extent analysis, the steps of Fuzzy ANP technique can be given as in the following steps [15, 38] .
Step 4.1: Constructing Fuzzy pairwise comparison matrices by collecting the experts' opinions for the main clusters and criteria. In the Fuzzy ANP technique, pairwise comparisons are conducted among the main clusters and their related criteria respect to their relative importance using linguistic scales for showing their significant ( Table 2 ). The linguistic scales convert to corresponding triangular Fuzzy numbers (Chang's Fuzzy AHP scales) to calculate criteria weights. Finally, the Fuzzy judgment matrices are constructed for the clusters and their related criteria.
Step 4.2: Constructing Fuzzy pairwise comparison matrices for interdependences. The pairwise comparisons are conducted for interdependences of the clusters which are obtained using the Fuzzy DEMATEL technique.
Step 4.3: Calculating local weights of the main clusters, criteria and interdependencies using Chang's extent analysis. Based on Chang's extent analysis, for each Fuzzy number, the value of Fuzzy synthetic extent (S i ) is calculated using the Eq. 10. Then the degree of possibility is determined between two Fuzzy numbers M 1 and M 2 using Eq. 11. Finally the normalized weight vectors are calculated. For more details of the Chang's extent analysis, see [37] .
Step 4.4: Computing the global weights of the clusters and related criteria. The global weights of the criteria are calculated by multiplying the local weights of the criteria with the interdependent weight of the cluster to which it belongs.
Step 5: Selecting countries as alternatives. In this step, countries that need to assess their level of readiness in I4.0 development are selected as alternatives.
Step 6: Assessing and Ranking the countries for I4.0 development based on clusters and criteria using the VIKOR technique. This can be described for ranking the alternatives in the following computational steps, based on [39] .
Step 6.1: Constructing the decision matrix (D m×n ). This matrix indicates the assessment of countries with respect to the clusters and criteria. The rows and columns of this matrix represent, respectively, the number of alternatives (countries) to be ranked,A 1 , A 2 , . . . , A m , and the number of criteria based on which the ranking is done, C 1 , C 2 , . . . , C n . To complete the decision matrix, the condition of each country is used in each criterion. However, conditions of some criteria may not be available. In this case, three numbers, 0, 0.5, and 1, shown in Table 3 are used based on the experts' opinion to indicate the condition of a country in those criteria. Step 6.2: Calculating the normalized decision matrix. For normalization, it is necessary to divide each element of the matrix by the sum of the squares of the elements in each column as follows.
where n ij is the corresponding normalized value of the x ij element of the decision matrix.
Step 6.3: Determining the ideal (f * i ) and the negativeideal (f − i ) values for all criteria according the benefit or cost functions. For a criterion representing benefit, increasing the criteria value improves the benefits and thus Eq. 13 is used to determine ideal and negative-ideal values. For a criterion representing cost, decreasing the criteria value improves benefits and thus Eq. 14 is used to determine ideal and negative-ideal values.
Step 6.4: Computing the utility measure (S j ) and regret measure (R j ) for each alternative. The utility measure represents the relative distance of j th alternative from the ideal value and the regret measure represents the maximum discomfort of j th alternative from the ideal value.
where w i is the weight of the i th criterion obtained using Fuzzy ANP technique.
Step 6.5: Calculating the VIKOR index for each alternative which is calculated as follows:
where v is a weight for the strategy of group's agreement coefficients, whereas 1-v is the weight of the individual regret.
Step 6.6: Ranking the countries by sorting the Q, S and R values.
IV. RESULTS AND DISCUSSION
According to the proposed F-DAV method in section 3, the main clusters and related criteria to each cluster were defined by reviewing previous related studies and interviewing experts (Step 1). As there are several factors that affect I4.0 development assessment, the main requirements were considered as ''clusters'' and the related factors were considered as ''criteria'' in this research. Based on the reviewing the previous research in the field of I4.0, technological, economic, social, political, cultural, and environmental factors are the main requirements of the I4.0 development (Fig. 2) . Technology is the key factor of I4.0 so that utilizing smart and ubiquitous technologies (such as IoT, CPS, big data, M2M) which are the fundamental framework to create digitalized products and factories [16] , [40] . As industry is the part of economy, considering economic criteria is needed for I4.0 development [16] . From a policy point of view, utilizing significant policies are needed for public funding and private investment in a technological industry and society [41] . The social and environmental requirements are the main factors of the sustainability which should be considered in I4.0 development to create sustainable value. Based on [8] , better integration of employees and better work-life balance are some examples of the I4.0 criteria from the social aspect and also from the environmental aspect the criteria can be considered such as increasing the share of reusing and reducing the total amount of waste. The last requirement is culture so that the community atmosphere and collective spirit should be ready toward I4.0 [42] . For the implementation of each cluster, different criteria were also obtained. Table 4 shows the related criteria for each cluster.
After determining the assessment clusters and the related criteria, the assessment team was identified and then based on the team' opinion the interrelations and the weights of the clusters and their criteria were defined. The assessment team was considered including 10 GIS experts, 10 IT engineers, 10 computer engineering. As the important part of the Industry 4.0 development is information technology, the three-expert groups which their expertise is more related to information technology were selected as the assessment team. In the assessment team, pairwise comparison is conducted by each expert and then the average of the final scores on each pairwise comparison is calculated to indicate the group's opinion. The simple average method is used to calculate the average of pairwise comparisons without any difference between the groups. The interrelations between the clusters and criteria were obtained on the basis of the linguistic evaluations of the team through Fuzzy DEMATEL (step 3). Fig. 3 shows the interrelations between the main clusters. By considering the interrelations between the clusters and their criteria, pairwise comparisons were conducted by the assessment team using the linguistic evaluations between the clusters and the criteria of each cluster. Table 5 shows the pairwise comparisons of the clusters that were conducted by experts and were converted to fuzzy numbers. Using the pairwise comparison and the interrelations, supermatrix was constructed and the relative weights of the clusters and criteria were computed using Fuzzy ANP (Step 4). Figure 4 shows the normalized relative weights of the criteria of all clusters.
At the end of the implementation, six countries were selected as the alternatives and their ranks were calculated based on the obtained weights for the criteria. As the United States, Germany, Japan, South Korea, and China are major industrial countries globally that have developed their plans toward I4.0 [43] , [44] , these counties are selected as alternatives. In addition to these countries, Iran, as a developing country, was also selected as an alternative to assess its conditions in each criterion for I4.0 development. Therefore, the six alternatives were used in this research (Step 5). It should be noted that there were some limitations to select other countries as alternatives because it wasn't possible to find enough information about their condition for the author. As the author has been living in Iran and Korea for several years, the information about the current conditions of Iran and Korea was accessible by reviewing documents and interviewing the countries' experts, especially in the field of information technology. For other alternatives (United States, Japan, Germany, China), there are many documentations about the counties' conditions in the previous research and reports to find the countries' conditions. Having obtained the clusters and the criteria and relative weights, ranking the alternatives considering the criteria was conducted using the VIKOR technique (Step 6). To do this, a decision matrix was constructed using the conditions of each country with respect to the criteria. The conditions of the countries for the I4.0 development have been obtained based on the related documents and reports as well as experts' opinions ( Table 6 ). The group's agreement coefficient was supposed v= 0.5. Table 7 shows the obtained S, R, and Q values for the six countries using the VIKOR technique. United States got the lowest value of Q (0.0000), S (0.2353), and R (0.0301). Unlike the United States, Iran got the highest value of Q (1.0000), S (0.9439). Although the countries except the United States achieved the same value of R (0.0508), their S values are very different, which distinguished the difference between the readiness levels of the countries in I4.0 development. Therefore, according to the values of S, R, and Q indices as well as by taking into account the VIKOR ranking conditions (Step 6.6), the United States was ranked as the best country toward I4.0 development, because the United States got the lowest values in the S, R, and Q indices. Germany, Japan, South Korea, China, and Iran were ranked next after the United States, respectively.
V. VERIFICATION AND VALIDATION
The evaluation of the proposed framework includes verification and validation steps. In the verification process, an internal evaluation of the model and framework will be check in which the correctness of the model and framework are evaluated [45] . In this research, a sensitivity analysis (SA) is considered for the verification process of the F-DAV method. This analysis is conducted by changing the weight values of the main clusters and the group agreement values of the VIKOR technique to check the proposed method stability and capabilities with respect to selected clusters/criteria and obtained weighs for each of them. In the validation process, an external evaluation of the model and framework will be checked in which the agreements between the results of the model and framework and the real conditions or that of the real system being modeled are evaluated [45] . For the validation of the proposed framework, the score of each country in the clusters and their related criteria are evaluated as well as the result of the scores of each country where their I4.0 development readiness is compared with the country's plans toward the I4.0 development.
The SA is a powerful tool to analyze the uncertainty and robustness of a method in how the uncertainty in the output of a method would be affected by uncertainty of input variables [46] - [48] . The SA of the F-DAV method is performed to analyze the weight and group agreement changes. For the SA analysis based on the weight changes, the technological cluster weight is varied from 0.2 to 0.6 in the five different runs of the proposed method. According to this change, the weights of the other clusters are changed which are shown in Table 8 . The cluster weight values according to the changed weight value of the technological cluster are obtained based on the difference between the normalized weight value (0.3069) and the changed weight value (e.g. 0.2). After the changed cluster weights are obtained, the weights of the related criteria are calculated by multiplying the local weights of criteria and the changed weights of the clusters. In each run of the method, the proposed F-DAV method is performed to obtain the ranks of the countries (S, R and Q values) using the changed weights. Table 8 shows that although the S, R, and Q values were changed in nine different runs, the lowest and highest values of the Q index in all the different runs was obtained for United States and Iran, respectively. Based on the obtained values for S, R and Q indices in all different runs, there is no change in the ranks of the countries: United State, Germany, Japan, South Korea, China and Iran. Therefore, the proposed framework is robust and unbiased from the weight aspect. For SA of the F-DAV method on changing the group's agreement coefficient, different values are considered from lower agreement (v<0.4) to the high agreement (0.6). The obtained results in Table 9 are based on the average agreement (v = 0.5). Table 10 shows the S, R, and Q values for ν = 0.1, 0.3, 0.5, 0, 7, 0.9 in this analysis. The values in all different runs show that the suggested method is unbiased and robust from the group's agreement coefficient aspect, because the highest and lowest of Q values and thus the ranks of the countries are same in all five different runs. Therefore, the obtained results verify the accuracy of the proposed assessment framework to measure the conditions of a country toward I4.0 development.
To evaluate the result of the framework with real conditions in the validation process, the final score of the countries in the assessment criteria were calculated in order to compare the conditions of the six countries in I4.0 development. The final score was obtained by multiplying its relative weight in the condition of the criterion for each country. Fig. 5 shows the final score of the six countries of all criteria in each cluster. In addition, the countries' planes for I4.0 development were used to compare with obtained scores. Based on the Fig. 5 , the United States, Germany, Japan and South Korea got high scores in most of the criteria especially the criteria related to the technological cluster. However, the most important challenges of these countries are in the criteria related to the social or cultural cluster. Therefore, these countries need to pay more attention to these clusters for better I4.0 development.
Unlike these countries, China and Iran need to strengthen the criteria related to the technological cluster. In the following section, the validation result of each country is explained more.
The United States which has the largest national economy and is a leading global trader in the world and achieves the high score in the economic cluster. This country got the high score in 14 criteria of the economic cluster (Ec1, Ec3, Ec4, Ec5, Ec6, Ec7, Ec8, Ec9, Ec10, Ec12, Ec13, Ec14, Ec15, Ec16, and Ec18). In addition to the criteria of the economic cluster, the United States got the highest scores in the T5, T8, T12, T13, T14, S2, C10 and E13 criteria. However, this country received minimum scores in some criteria of the culture cluster in comparison to other developed countries (C1, C6, C7, and C8 criteria) as the concerns of this country recently are lacking in technology and computer skills and problem-solving ability. Reviewing of the strategy plans of the United States government shows that they have several plans in the field of the I4.0 and smart manufacturingto overcome their technology based weaknesses. Network for Manufacturing Innovation (NNMI) [49] is one of the United States initiatives which are closely related to the innovation strategy to train skilled technical manufacturing VOLUME 8, 2020 labor force to compete in the global economy and to sustain.
Germany which introduced I4.0 for the first time received the highest score in T7, Ec19, S3, C1, C6, C10, and E9 criteria. However, one of the challenges of the German government is to enhance the cooperation between organizations. That is why the S9 criterion has been gotten the minimum score in comparison to other developed countries. The German government considers this challenge to a national strategic initiative ''Industrie 4.0''. This strategic plan [23] aims not only to increase digitization and the interconnection of products but also to create a networking of industry partners to ensure a competitive advantage for all partners.
Japan received high scores in the 9 criteria of the political cluster, P1, P3, P5, P6, P7, P8, P10, P11, P12, and P13 criteria. Japan got the lower score in the S1 criterion comparing the United States and China. This issue is one of concern of the Japanese government which has faced a shrinking labor force, aging population, and dispersed consumer population issues in I4.0 development. Onday [50] confirms that the labor force is one of the challenges of I4.0 development in Japan. Reviewing the plans of the Japanese government in this field, Society 5.0, shows that they planned to solve the mentioned issues to implement I4.0 or even beyond it.
South Korea received a high score in three criteria with considerable difference compared to other developed countries: T3, Ec2, S14, and C8 criteria. However, this country received the minimum score for the S1 criterion. The labor force is one of the most important concerns of the Korean government due to a shrinking and aging the population. In order to promote the strengths, the Korea government promoted the ''I-Korea 4.0'' plan as the latest national digital innovation strategies to create productivity-centered industries using people-centered economy.
China received the highest score in the S1 criterion and the lowest score in the T3, T8, and S6 criteria compared to developed countries with a significant difference. To overcome these weaknesses, China's plans shows that industry revolution toward I4.0 has been paid attention to so that they could strengthen digitalization in the manufacturing. Based [29] , the Chinese government approved a plan, ''Made in China 2025'', to develop China's Industry by using manufacturing digitization technologies. VOLUME 8, 2020 Iran received the lowest scores in the most of the criteria; however, it has the highest score in C2 criterion and has the close scores to other countries in S1, C5, and C10 criteria. On the other hand, reviewing the recent plans of Iran's future strategies shows that the Iranian government pays more attention to planning for I4.0 by focusing on the high rate of the educated workforces in the science and engineering so that the most important strategies of the Iranian Ministry of Communication and Information Technology recently are to strengthen the digital economy and support start-ups.
VI. CONCLUSION
There is an inevitable fact that is somehow easy to ignore: moving the manufacturing toward I4.0 due to the development of advanced technologies in ICT and industry. Meanwhile, governments to move toward I4.0 development need to provide various requirements. One contribution of this paper is to emphasize that these requirements can be summarized into the technological, economic, social, political, cultural and environmental clusters that should be considered for their I4.0 development assessment and also for their future I4.0 strategy plans. This research proposed a framework to assess the level of readiness of the countries for I4.0 development based on the main clusters and their relative criteria. This framework consists of the integrated Fuzzy DEMATEL ANP VIKOR techniques to measure the countries' conditions using the clusters and criteria integration approach. The proposed F-DAV method determines the interrelation between the clusters and criteria through the Fuzzy DEMATEL technique, calculates the weights of the clusters and the criteria through the Fuzzy ANP technique, and ranks the countries based on their conditions through the VIKOR technique. This framework was implemented to assess the level of readiness of six countries: the United States, Germany, Japan, South Korea, China and Iran. The R, S, and Q values were obtained for these countries which shows the United States currently has the best level (with minimum values: Q= 0.0000, S= 0.2353, R= 0.0301) and Iran has the worst level in I4.0 development (with maximum values: Q= 1.0000, S= 0.9439, R= 0.0508). The merits of the results and the F-DAV framework procedures are evaluated by both verification and validation techniques. The verification was conducted using SA for analyzing the changes of the criteria weights and the group agreement. The results verified that the F-DAV method is robust and unbiased. The validation was conducted by comparing the score of the countries in the criteria with the countries' strategies plans toward I4.0 development. The validation processes confirmed the merits of the framework results.
The proposed assessment framework that includes the multi-criteria of the I4.0 development can be utilized by developed and developing countries as a ruler to assess their readiness conditions in the I4.0 development. Considering the technological, economic, social, political, cultural, and environmental clusters and their related criteria enables countries to measure their current conditions in different fields of I4.0 development separately. In addition to measuring the readiness level, the framework enables countries to compare their conditions in each criterion with those that got a high rank in the assessment. Through the comparison, countries can identify the most important criteria by which the highranked countries could get a good rank as the framework consists of both criteria and their importance in the I4.0 development. According to the importance weights of criteria, the comparison can help countries to detect the list of their strengths and weaknesses in order of importance. This can be conducted not only by developing countries (e.g. Iran) but also by developed countries (e.g. South Korea). For example, South Korea can utilize the framework for assessing its readiness level in each criterion to detect the list of strengths and weaknesses in comparison with the United States which is a pioneer in I4.0 development.
The proposed assessment framework can be used by countries repeatedly, especially those at the beginning of the development, to make the national strategic plans and roadmaps in the I4.0 development more accurately. If countries such as Iran which got the lowest readiness level in I4.0 development might able to make their future plans according to the proposed different criteria and their importance weights, they could improve in Industry I4.0 and have a role in future global marketing. After the countries assessed their conditions in the various fields related to Industry I4.0 development and got a list of their most important weaknesses, they are able to accurately prepare requests for proposals (RFP) for their requirements in I4.0 development. The proposals can be implemented using an in sourcing method or even outsourcing method by the I4.0 pioneer countries. The framework is reusable and countries can use it repeatedly to assess the current conditions, making a list of the most importance weaknesses and then prepare roadmaps.
By reviewing the future strategy plans of the governments, the obtained ranking result of the F-DAV method looks logical. The United States and Germany which are pioneers in the I4.0 development have mature intelligent plans for their countries. The NNMI initiative of the United States government is focused on the innovation strategy which can solve the problem of the skilled labor force. Industrie 4.0 is the German strategic plan that contains different objectives including creating a network of industry partners to enhance cooperation and collaboration. The Japanese government to solve the aging people issue has approved the Society 5.0 plan which they believe is beyond I4.0. Korea using the I-Korea 4.0 strategy planned to move toward I4.0 based on creating innovative growth. China with the Made in China 2025 is planning to attend the leading countries through creating smart factories using digitalization technologies. Iran by focusing on the skilled labor force in the engineering approved a plan to create a digital economy and creative small business.
While it is believed that the proposed framework provides value in I4.0 development assessment approach, it can be improved by considering further efforts as future works. Future research could include model complexity reduction in the case of a large amount of the criteria. A large amount of criteria makes the model computationally expensive which requires a large amount of work to calculate the relations and weights of the criteria. Therefore, some method is needed to formulate the set of criteria. In addition, there is no claim for considering the completeness of the main clusters and criteria which are required to assess countries toward I4.0 development and there is the ability to define it more accurately and efficiently. Finally, the framework was developed to assess the level of the readiness of the countries. It can be extended to assess the conditions of the large factories and companies.
